A compact structure is proposed to achieve double ultrasharp Fano profiles, which comprises with a metal-insulator-metal (MIM) bus waveguide coupled with a circular cavity and groove resonator. Simulation results show that this two sharp Fano profiles both originate from the interference between the circular cavity and the groove resonator. To optimize the Fano profiles, we introduce a metallic nanodisk in the middle of the circular cavity. The peak of the double Fano resonances can be independently tuned within a certain range by changing the radius of the nanodisk. We can utilize these characteristics to design devices with high performance, such as a highly efficient nanosensor with a sensitivity of ∼1450 nm/RIU and a figure of merit (FOM) about ∼3.51 × 10 4 and a switch with an ON/OFF contrast ratio of about 91 dB. Our structures may have promising applications in nanosensors, switches, and slow-light devices.
Introduction
Fano resonance, which exhibits sharp and asymmetric spectral line shape, arises from the interference between a narrow discrete resonance and a broad continuum [1] . Different from the Lorentzian resonance, the Fano resonance possesses distinctly asymmetric line profile [2] . Due to its coherent sensitivity, a dramatic line shape shift of Fano resonance can be induced by a small change of the local environment [3] . Therefore, it shows great potential in the sensors, switches, slow light, and nonlinear areas [2] , [4] , [5] . In compare with Fano resonance, electromagnetically induced transparency (EIT) is a quantum interference effect with a spectrally narrow optical enhanced transmission, which results from a coherent interaction between the atomic levels and the applied optical fields [6] . The theoretical analysis and experimental observations demonstrate that an optical phenomenon analogous to EIT can also occur in the coupled optical resonator systems [7] . Under certain conditions a Fano resonance can also be essentially regarded as the classical analogue of EIT. Such as strongly contrasting resonance line widths and appropriate resonance amplitudes [8] . Recently, some nanoscale photonic devices for high integration emerged, which utilize the unique properties of surface plasmon polaritons (SPPs) [9] - [12] . SPPs have the stand potential to overcome the diffraction limit and confine light in sub-wavelength dimensions. Various plasmonic systems have been designed to achieve the Fano profiles [13] - [16] . Most Fano responses can be designed by asymmetric plasmonic structures, such as the symmetry-breaking plasmonic nanocavity [17] , non-concentric ring or disk cavity [18] , or nanodisk with a defect [19] . As an important plasmonic waveguide, the metal-insulator-metal (MIM) waveguide, which has wide applications in deep subwavelength optical devices, has attracted much attention in recent years [20] .
In this paper, we employ the MIM structure to realize two ultra-sharp and asymmetric spectral profiles which have a great sensitivity and a large figure of merit (FOM). In our proposed plasmonic structure, Fano resonances can be obtained by comprising a MIM waveguide coupled with a simple groove and a circular cavity. In this structure, the circular cavity is behaving as a Fabry-perot (F-P) resonator which provides a narrow discrete resonance, while the groove resonator provides a broad continue transmission profile. The combination of them gives rise to the Fano resonances. In order to obtain Fano profiles with better properties, we introduce a metallic nanodisk in the middle of the circular cavity. Simulation results show that the new structure can serve as an excellent sensor with a sensitivity of 1450 nm/RIU and an FOM of ∼3.51 × 10 4 . It can also be used in nanoscale optical switching which exhibits an on/off contrast ratio of about 91dB. When we adjust the radius of the nanodisk, an interesting phenomenon can be found. That is, one of the resonant wavelengths can be tuned, while the other almost remains unchanged. Therefore, our structure find a new way to tune resonant wavelengths in circular cavity. Fig. 1 schematically shows the MIM waveguide coupled with a circular cavity and a groove resonator which placed in both sides of the bus waveguide. This structure is a two-dimensional model, and the gray and white parts denote Ag (ε m (ω)) and Air (ε d = 1.0), respectively. The width of the bus is denoted as W. The length and height of the groove are L and H. In the simulations, the parameters are set as follows: R = 370 nm, S = 100 nm, W = 50 nm, L = 200 nm, and H = 225 nm, and the sizes of the groove are fixed throughout this paper. To investigate the optical responses of the proposed structure, its transmission spectra are numerically calculated using the finite element method (FEM) of COMSOL Multiphysics. The transmitted light is collected from the right side of the bus waveguide, and the transmission is defined as T = p out /p i n , where p out and p i n stand for the power flows of the Port (obtained by integrating the Poynting vector over the channel cross-section) with structures(circular cavity and groove resonator) and without structures, respectively [20] , [21] . The permittivity of Ag can be determined by the well-known Drude model:
Sharp Fano Resonances Induced by Circular Cavity Coupled With Groove Resoantor
where the parameters for silver can be set as ε ∞ = 3.7, ω p = 9.1 ev and γ = 0.018 ev [22] , which corresponds to the experimental optical constant of silver well [23] .
First, we simulate the transmission characteristics of our proposed structure. When the circular cavity is set as R = 370 nm and the transmission spectra, which consists of two sharp Fano resonances, is shown in Fig. 2(a) , we called the right Fano resonance FR 1 , while the left Fano resonance is FR 2 . From This, we find the single circular cavity exhibits a broadband transmission spectra with nearly symmetric Lorentzian-like line-shapes, while the groove resonator provides a broad spectrum, and the sharp and symmetric spectra FR 1 , usually termed Fano profiles, result from the coupling of the narrow discrete state (circular cavity) and the continuum (groove resonator). The origin of FR 2 can also be explained by this mechanism. For a clearer look of FR 2 , the enlarged view is shown in Fig. 2(e) . To further investigate the origin of this two mode, the field distributions of |H z | 2 at the incident wavelength of λ = 839 nm and λ = 1317 nm are depicted in Fig. 2 (b) and (d), corresponding to FR 2 peak and FR 1 peak, respectively. The underlying principle of the Fano resonances can be divided into two types which are phase-coupling and near-field coupling mechanisms [24] . The Fano resonances in our structure originate from phase-coupling mechanism. As the field distributions shows, near the resonant wavelengths, the SPPs can be highly reflected by the circular resonators, acting as a high reflector. Thus, the SPPs can be reflected up and down off the two resonators through the gap with high reflectivity, constructing a new Fabry-Perot (FP) resonator in the plasmonic system. It can be confirmed when we increase the gap length (S) which can reflect the phase value of the new FP, the resonant wavelenths exhibit redshifts as shown in Fig. 2(f) . The distribution |H z | 2 at 1317 nm shows the interference between n = 1 order of circular resonance and the groove resonance, while the FR 2 is the result of n = 2 order of circular resonance and the groove resonance. In addition, there exists no excitation of resonant mode when the wavelength is 900 nm, as shown in Fig. 2(c) .
Successively, we investigate the influence of the radius of the circular cavity (R) on the transmission spectra and Fig. 3(a) shows the transmission response corresponding to different R. As a result, the resonant wavelengths have a red-shift with increasing of the radius. We also find that the transmission of FR 1 increases while FR 2 decreases with the increasing of radius. Fig. 3(b) reveals that the wavelength-shifts of the resonant FR 1 and FR 2 almost have approximately linear relations with the radius of circular cavity. With the increase of R by 10 nm, the FR 1 and FR 2 have redshifts about 32 nm and 20 nm, respectively. Therefore, we can get different resonant wavelengths by adjusting R according to this relationship.
Our proposed Fano resonance system has great potential as a refractive index sensor due to its sharp asymmetric spectra [25] . Therefore, we studied the transmission spectra of the structure with different refractive index materials and the results are shown in Fig. 4(a) . With increasing of n from 1 to 1.04, the peak positions of FR 1 and FR 2 are both red shifts and show the nearly linear relationships. The sensitivity (nm/RIU) is defined as the shift in the resonance wavelength per unit change of the refractive index. The sensitivity of our structure is about 1350 nm/RIU for FR 1 and 800 nm/RIU for FR 2 , which is excellent compared with those in [26] and [27] . Moreover, FOM as a key parameter is widely used to evaluate the performance of the double Fano resonances, which is defined as FOM = T/(T n) [28] , [29] , where T/ n denotes the transmission change at the fixed wavelength induced by a refractive index change. To make more general calculations, we define FOM 1 = (T n=1.02 − T n=1.00 )/(T n=1.00 n), FOM 2 = (T n=1.04 − T n=1.02 )/(T n=1.02 n) and FOM 3 = (T n=1.04 − T n=1.00 )/(T n=1.00 n), respectively, and the calculated results are shown in Fig. 4(b) . FOM 3 can reach 3.35 × 10 4 at λ 0 = 900 nm, which is due to the sharp asymmetric Fano line-shape with ultra-low transmittance at this wavelength. This value is much higher than that of the plasmonic sensors [26] , [29] .
Adding a Nanodisk in the Circular Cavity
To further study the above plasmonic system, we introduce a metallic nanodisk in the middle of the circular cavity as shown in Fig. 5(a) . The same method is used as mentioned above to study the new structure, and the transmission spectra are depicted in Fig. 5(b) by black line. Clearly, we can see that the peak value of FR 1 is significantly improved and accompanied by a redshift, but the FR 2 almost remains unchanged. This phenomenon is easy to understand. From the different field distributions of |H z | 2 at left valley of FR 2 in Fig. 5 (c) and FR 2 peak wavelength in Fig. 5(d) , we can see that the field distributions of FR 2 mainly concentrate in the periphery of the circular, so by introduce a nanodisk with right size in the center hardly changes the properties of FR 2 . Meanwhile, at the FR 1 peak wavelength shown in Fig. 5(f) , the nanodisk with r = 80 nm greatly affects the field distribution compared with circular resonance in Fig. 2(d) . Thus, the properties of FR 1 exhibit significant changes.
Through the above analysis, we can tune more flexibly of the peak position of FR 1 and FR 2 . When we change the radius of the nanodisk (r) from 0-80 nm while keeping the R as 370 nm, one fantastic phenomenon occurs which is shown in Fig. 6(a) . That is, the peak position of FR 2 remains unchanged, while the FR 1 changes nonlinearly, and the relationship is shown in Fig. 6(b) . This is due to the differences between electromagnetic fields of FR 1 and FR 2 , as explained in the previous paragraph. It also can be confirmed When r is large enough, like Fig. 6(a) , in the case when r = 120 nm (red line), FR 2 presents an obvious movement. We should note that when r = 0 nm (blue line) which denotes the circular cavity, FR 1 transport properties deteriorate, which is one of the reasons why we adding a nanodisk in the circular cavity.
Successively, we investigate the application as the sensor based on the optimized plasmonic structure. Because of the short wavelength change which is only 8 nm for FR 1 from resonant peak to the valley, the transmission spectra of the structure is very sensitive to the index variations of surrounding medium for the structure embedded in the cavity. Therefore, we investigate the transmission spectra of the structure with different refractive index materials and the results are shown in Fig. 7(a) . With increasing of n from 1 to 1.04, the peak positions of FR 1 and FR 2 are also both red shifts and show the nearly linear relationships. The sensitivity is about 1450 nm/RIU for FR 1 , which is excellent compared with the value of circular cavity and those in the references [26] , [27] . Moreover, the calculated results of our new structure is shown in Fig. 5(b) . The values of FOM 3 is as high as 3.51 × 10 4 at λ 0 = 901 nm which is the valley of FR 2 . This high FOM is due to the sharp asymmetric Fano line-shape with ultra-low transmittance at this wavelength. Here, FOM is also improved compared with the value of circular cavity and is much higher than that of the plasmonic sensors [26] , [29] .
Optical switch is one of the core devices in optical information processing and optical communication network [30] - [32] . The sharp Fano lines presented in this paper are ideal for designing optical switches. The transmission can drop sharply from peak to the valley of the spectrum as denoted by the black line in Fig. 5 , and the distance between them is only about 12 nm for FR 2 . Such a short wavelength change can make the optical switch quickly switch between "on" and "off" state. We can clearly see the differences of the |H z | 2 field distributions between "on" and "off" states which are shown in the pictures of Fig. 5(d) and (c) . Another important indicator of the optical switch is on/off contrast ratio, which can be determined by Rati o = 10 × log 10 T max /T min [33] , where T max and T min stand for the transmission of the peak and valley, respectively. Using the above formula, we can get the on/off contrast ratio of our switch is about 91 dB, which is significantly high than previous report [33] , [34] . In the practical applications, we can employ graphene to get a graphene-integrated FP to tune the switch more flexibly. As mentioned in [35] , the authors employ two graphene ribbon arrays (GRAs) to dynamically tune the frequency window.
Conclusion
In summary, ultra-sharp double Fano resonances in an MIM waveguide coupled with groove and circular cavity are numerically predicted and properties of them are greatly improved by adding a nanodisk in the middle of the circular cavity. One of the Fano lines has an only 8 nm wavelength shift from the resonant peak to the valley, and the double Fano profiles and the resonant wavelengths can be easily tuned by changing the radius of the nanodisk. Based on the above unique features, a nano-sensor was designed, which yielded a sensitivity of ∼1450 nm/RIU and an FOM of ∼3.51 × 10 4 at λ 0 = 901 nm. An optical switch was also investigated based on the Fano resonances with an on/off contrast ratio about 91dB. The utilization of the ultra-sharp Fano resonances in the MIM waveguide has a great potential in designing ultra-high performance plasmonic devices.
